AbstrAct: Whole transcriptome shotgun sequencing (RNA-Seq) is a useful tool for analyzing the transcriptome of a biological sample. With appropriate statistical and bioinformatic processing, this platform is capable of identifying significant differences in gene expression within the transcriptome and permits pathway and network analyses to determine how these genes interact biologically. In this study, we examined gene expression in two lung adenocarcinoma cell lines (H358 and A459) that were treated with transforming growth factor-β (TGF-β) as a model for induction of the epithelial-tomesenchymal transition (EMT), commonly associated with disease progression. We performed this study in order to illustrate a workflow for identifying interesting genes and processes that are regulated early in EMT and to determine their gene pathway/network relationships and regulation. With this, we identified 137 upregulated and 32 downregulated genes common to both cell lines after TGF-β treatment that represent components of multiple canonical pathways and biological networks associated with the induction of EMT. These findings were also verified against reposited Affymetrix U133a expression profiles from multiple trials examining metastatic progression in patient cohorts (n = 731 total) to further establish the clinical relevance and translational significance of the model system. Together, these findings help validate the relevance of the TGF-β model for the study of EMT and provide new insights into early events in EMT.
Introduction
In the study of cancer mechanisms, the use of next-generation sequencing (NGS) to gain valuable biological insights via pathway/network analyses is still limited, because of the relative infancy of these high-throughput, computationally intensive methods. Novel bioinformatics methods offer a means to reveal previously unappreciated mechanisms that have potential of producing new candidate biomarkers or targets for pharmaceutical intervention and, thereby, impact clinical practice once fully developed.
Whole transcriptome shotgun sequencing (RNA-seq) is a biochemical sequencing method that interrogates the entire transcriptome of a sample at a particular time using NGS. 1 In contrast to studies performed using gene expression micro arrays, which target specific sequences for measurement with probes, RNA-seq takes into account greater base coverage of DNA sequences as well as the different types of RNA (microRNA, transfer RNA, etc.). RNA-Seq accomplishes this by amplifying and sequencing the RNA content of a sample using specific, bar-coded RNA sequences of
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Yan Li interest, and aligning the sequences by a reference genome to determine the gene biomarkers associated with those bar-coded sequences. This high-throughput technique uses extensive bioinformatics computation to perform the necessary sequence alignments. The resulting data can be used to analyze gene expression, single nucleotide polymorphism, alternative splicing, and other genomic studies of interest to cancer biology.
Pathway and network analysis via modeling biological systems as computable networks is another bioinformatics procedure that converts existing biological information on canonical pathways and biological networks into searchable databases, then uses computing algorithms to find linkages between related pathways and networks. 1, 2 This permits researchers to filter the existing literature for useful, nonobvious relationships between biological systems that can be used to build a biological model for a system that can be further investigated with experimentation.
Lung cancer is the leading cause of cancer-related deaths in the United States and is projected to account for an estimated 159,260 deaths in 2014. 3 Dissemination of primary tumor cells to distant structures is the primary event that leads to mortality in lung cancer and is a major focus of disease staging for prognosis and treatment plan development. Biological processes commonly associated with metastasis include: increased tumor cell motility, altered cellular adhesion, enhanced capacity for remodeling extracellular matrices for extravasation and intravasation, resistance to apoptosis (cell death), induction of angiogenesis, and the ability to thrive in the secondary site. [4] [5] [6] [7] [8] Many of these phenotypic features are consistent with the popular concept that metastatic progression in epithelial cancers is driven by a type III epithelial-to-mesenchymal transition (EMT). 9, 10 Furthermore, this apparent phenotypic "transdifferentiation" is also associated with the adoption of specific "cancer stem cell" characteristics, including capacity for selfrenewal, altered surface antigens, modulation of signaling pathways, and transcriptional regulation mechanisms. [11] [12] [13] [14] Perhaps the most archetypal example of EMT features is the loss of E-cadherin expression and upregulation of alternate adhesion molecules, such as N-cadherin or fibronectin. 11, 15 Several cell-based models for EMT have emerged that are thought to be generally consistent with the biology observed in early metastatic events clinically, with the model using transforming growth factor-beta (TGF-β) induction among the most well studied. [16] [17] [18] [19] In this study, we leverage the strengths of RNA-Seq and pathway/network analysis to further refine our understanding of events immediately resulting from TGF-β induction as a model of early EMT events. Our goal is to identify features that further validate this model, identify potentially underappreciated processes and/or effector molecules intimate to EMT for future study, and reveal novel candidate biomarkers that may have translational significance.
Materials and Methods
sample collection for the tGF-β model of eMt induction and phenotypic characterization. H358 and A549 lung adenocarcinoma cell lines were purchased from American Type Culture Collection (ATCC) and maintained in RPMI 1640 supplemented with 2.5% fetal bovine serum (FBS) at 37 °C in a humidified 5% CO 2 atmosphere. The cell lines were cultured for 3 days in the presence or absence of 10 ng/mL TGF-β in RPMI 1640 supplemented with 2.5% FBS. After treatments, cells were rinsed in cold PBS, scraped, and total RNA isolated using an RNeasy kit (Qiagen GmbH) according to manufacturer-suggested protocols. A total of four conditions (H358 ± TGF-β; A549 ± TGF-β) in duplicate provided eight samples for analysis.
A parallel set of samples were cultured and treated as defined above for western blot analysis of apoptosis-related targets. Briefly, cellular lysates were prepared for western blot analysis as previously described, 20, 21 with proteins (30 µg/lane) resolved on 10-20% Criterion TGX tris-glycine gels (BioRad) and transferred to nitrocellulose overnight. Blots were probed with the Apoptosis Antibody Sampler Kit (Cell Signaling Technologies) for caspase-3, cleaved caspase-3, PARP, cleaved PARP, as recommended, and normalized to β-actin. Also, cellular proliferation was evaluated in both the A549 and H358 cell lines using the MTT Cell Proliferation Assay kit (ATCC) using recommended protocols, with cell treatments consistent with those defined above (adapted for the 96-well format). Each condition was evaluated a minimum of two times with triplicate sampling of cellular numbers.
whole transcriptome shotgun sequencing. For each of the eight samples, total RNA (1 µg/sample) was processed into an NGS-compatible library with the TruSeq RNA sample preparation kit (Illumina). Poly-A containing mRNA was purified by bead selection and the collected mRNA sized by heat fragmentation. After conversion to cDNA, barcoded adaptors were added by A/T supported ligation, and the resulting library was amplified by PCR. Equal amounts of each library were pooled and submitted to paired-end sequencing on a HiSeq2000 sequencer (Illumina). Clusters were sequenced for 50 bases from each end. The Tophat (version 2.0.0) software package was used to align the raw RNA-seq data to the human genome and identify individual read sequences via barcodes followed by the use of Cufflinks (version 2.0.0) to count and convert the read results into genes with annotation via Ensembl. statistical analysis. After the gene expression levels were derived, expression values were averaged across four lanes, log2 transformed, and subjected to statistical analyses using Agilent Genespring GX 12.6. Within each cell line, the gene lists were processed using an independent Student's t-test and fold-change analysis to identify upregulated and downregulated genes in TGF-β-treated specimens, relative to control. A significance threshold of P # 0.05 and absolute fold change $2.0 were used to define modulated genes of interest.
CanCer InformatICs 2014:13(s5) Venn diagrams were used to illustrate commonality in genes being up/downregulated in both cell lines.
Pathway and network analysis. A pathway analysis was performed to identify associations of the genes identified in our cell line studies with canonical pathways and gene networks. The pathways and networks were generated through the use of Ingenuity Pathway Analyses (IPA; Ingenuity ® Systems, www.ingenuity.com). Thresholds of two-fold or greater in changes in expression and a P-value of 0.05 or less for significance were used to filter the findings from the analysis with IPA software.
correlation of gene expression to metastasis in clinical lung cancer samples. We identified several studies in the literature that used Affymetrix U133a expression arrays to assess global transcription levels of genes in primary lung cancer tumor tissue associated with metastatic progression to the locoregional lymph nodes. In total, 731 raw CEL files each representing separate and individual tumors were combined and preprocessed using the RMA preprocessing in the SimpleAffy Bioconductor package in the statistical analysis package R. 22 Once expression estimates were generated, individual genes identified as differentially expressed by TGF-β treatment in cell lines in the above studies were correlated to surrogates of metastatic progression in the clinical specimens (ie, using disease stage and/or disease-free survival annotation as available) using a Cox regression function in the R survival package. Briefly, profiles originated from studies conducted by Hoang et al. 23 (n = 22), Landi et al. 24 (n = 107), Raponi et al. 25 (n = 130), Shedden et al. 26 (n = 338), Shah et al. 27 (n = 30), and Spira et al. 28, 29 (n = 104).
results
Integrity of the adenocarcinoma cell lines with tGF-β induction. Prior to expression profiling, it was crucial to demonstrate that culturing conditions and/or treatment with TGF-β does not result in widespread apoptosis or unexpected changes in cellular proliferation. With this, we evaluated via western blot analysis specific indicators of apoptosis induction, including caspase-3 and PARP activation (cleavage), to find no significant differences in any of the conditions tested ( Supplementary Fig. 1 , panels A and B). We did identify a change in cellular proliferation rate upon chronic treatment with TGF-β that resulted in a 25.2% and 44.1% lower cellular density at day 3 for the H358 and A549 cells ( Supplementary  Fig. 2 , panels A and B); however, these observations are not unexpected and have been reported by others. 30, 31 Together with the adoption of more fibroblastic morphological features upon TGF-β treatment and lack of vacuoles (data not shown), we determined the general condition of the cells to be suitable for evaluation via RNA-sequencing.
comparison of rNA-seq findings of the tGF-β-induced adenocarcinoma cell lines. Paired-end whole transcriptome sequencing for two lung adenocarcinoma cell lines, H358 and A549, was accomplished as a means to investigate modulations in gene expression and pathway/network recruitments resulting from a TGF-β model of EMT. Our objective was to identify features that further validate this model, identify potentially underappreciated processes and/ or effector molecules intimate to EMT, and reveal novel candidate biomarkers that may have translational significance.
After expression values were calculated from the RNAseq results, a total of 54,607 candidates with unique Ensembl gene IDs were identified. When subjected to filtering with statistical (P # 0.05) and fold change ($2) thresholds, the H358 cell line was found to have a total of 1177 upregulated genes and 1108 downregulated genes, whereas the A549 cell line had 525 upregulated and 167 downregulated genes, all relative to the cell line controls (eg, no treatment). These general findings are illustrated in Figure 1 as "box and whisker" plots. In general, there were fewer downregulated genes that met our statistical and fold-change thresholds than those upregulated. In comparing the findings of unique genes modulated in each cell line, a total of 137 upregulated and 32 downregulated genes were shared between H358 and A549 cell lines with the TGF-β induction, as shown in Figure 2 as a Venn diagram. biological pathways modulation in the tGF-β-induced adenocarcinoma cell lines. We further classified these genes with varying expression into different pathways according to their canonical pathways using the IPA suite. In order to distinguish the relative impact of TGF-β on each cell line, we provide a selection of the pathways found to be modulated separated based on being observed in either the A549 cells (Table 2) or the H358 cells ( Table 3 ). The main point of dissimilarity between the cell lines is that the A549 cells appear to be very focused on the activation of pathways associated with hepatic fibrosis/hepatic stellate cell activation, human embryonic stem cell pluripotency, and granulocyte adhesion and diapedesis, which are consistent with active transdifferentiation events that are part of the EMT program.
9,32 Although, Extrinsic Prothrombin Activation Pathway 1.1e00 6.25e-02 f7 fatty acid α-oxidation 1.1e00 6.25e-02 aLDH3a1
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Note: P-value (-log) was obtained by comparing the expression level of all genes with and without TGF-β treatment. Note: P-value (-log) was obtained by comparing the expression level of all genes with and without TGF-β treatment.
it should be noted that the activation of pathways such as axonal guidance signaling and leukocyte extravasation signaling is also observed in the A549 cells, but these pathways are observed to be much more dominate in the H358 cells, suggesting that both cell lines are going through similar changes but potentially to different degrees. The Supplementary results further illustrate these commonalities by listing the top 10 upregulated and top 10 downregulated pathways in the two cell lines after TGF-β induction (Supplementary Table 5 ).
The most significantly up-and downregulated pathways common between the cell lines were Gα12/13 signaling and serotonin degradation, respectively. We also observed that several canonical pathways with involvement of the 137 upregulated genes shared between the two cell lines were associated with cancer-related elements, such as p53 signaling, HER-2 signaling, and bladder cancer signaling (Supplementary Table 5 ). The downregulated genes did not seem to be associated with cancer pathways in particular, but this is expected because of the relatively low number of downregulated genes found.
Network analysis for cancer-related pathways. The up-and downregulated genes used for pathway analysis were also used for network analysis to find biological networks associated with those genes. Network analysis showed strong association of modulated gene expressions with known cancer networks, represented by high network scores. These scores are negative log-transformed P-values of the probability that a particular network is associated with the focus genes by chance. Table 4 lists a selection of five cancer-related gene networks modulated in these two cell lines, with three upregulated and the other two downregulated. The network of pathways involved in cellular movement, organismal injury and abnormalities, and cancer was observed to be significantly upregulated with TGF-β treatment (P-value = 5.82 × 10
), as shown in Figure 4 . A total of 36 unique genes were involved in this network (Table 4) , with most of them upregulated in both cell lines after TGF-β treatment. Similarly, the network of pathways related to cancer, tissue development, and hematological disease was also upregulated (P = 9.54 × 10 −7 ), with 35 genes involved (Table 4 and Fig. 5 ). There were 36 genes involved in the downregulated network of dermatological diseases and conditions, cancer, and neurological disease (P-value = 2.84E-14), and 35 genes in the network of cellular growth and proliferation, tissue development, and organ morphology, which was also observed to be downregulated ) in the two NSCLC cell lines after TGF-β treatment (Table 4 , Figs. 6 and 7) . As with the presentation of the findings from the canonical pathway analysis, we also separated the findings of the network analysis, listing the findings for the A549 cell line separately from the H358 cell line in order to permit an appreciation of the differences in events ongoing in the two cell lines. For the A549 cells, the networks commonly known to promote adoption of an embryonic phenotype and angiogenesis were noted in addition to those typically associated with an EMT; however, the inactivation of systems controlling cellular morphology and cellular adhesion was also observed (Supplementary Table 6 ). The H358 cells appeared to have networks activated that similarly promoted cellular locomotion and angiogenesis, and also display the inhibition of cellular proliferation, which is commonly associated with EMT (Supplementary Table 7) .
Verification of study findings using reposited microarray data from clinical trials. The significant findings from the analyses of the cell lines were then contrasted against genes, pathways, and networks found to be modulated in a composite of U133a microarray data originating from seven studies and representing 731 patient profiles. These findings are presented primarily in the Supplementary information, given the findings are presented only to corroborate the general findings of the TGF-β induction model. Overall, we found Tables 8  and 9 ) and either H358 or A549 findings (Supplementary  Tables 1-4) . Further, the agreement at the level of canonical pathways between the datasets was very striking, with "Hepatic Fibrosis/Hepatic Stellate Cell Activation," "Axonal Guidance Signaling," and "ILK Signaling" being among the top hits in both the TGF-β model cell line data (Supplementary Table 5 ) and the clinical datasets (Supplementary Table 10 ).
With further examination of these findings, other examples of pathway modulations are extremely supportive of parallels between the TGF-β model for EMT and signatures of metastatic progression in clinical specimens, such as "Regulation of the Epithelial-Mesenchymal Transition Pathway" and "Integrin Signaling" in the clinical datasets and "TGF-β signaling" and "HIF1α Signaling" in the cell line-based analyses.
discussion
In this study, we report the modulations of multiple genes and biological pathways that were up-or downregulated in two lung adenocarcinoma cell lines after induction by TGF-β treatment. This investigation was accomplished as a means to identify features that further validate this model of tumor progression, identify potentially underappreciated processes and/or effector molecules intimate to EMT for future study, and reveal novel candidate biomarkers that may have translational significance. Our results revealed a reasonable overlap in upregulated and downregulated significant genes in the two cell lines 358 and 549, indicating that the two cell lines share similar genetic characteristics and similar response to TGF treatment, and these genes may play similar roles in the pathological process. However, a large portion of the up-and downregulated genes did not overlap in the two cell lines (Fig. 2) , which could be explained by the high heterogeneity of tumorigenesis in the two cell lines.
Although the "process of metastasis" is an idea well implanted in the mindsets of most cancer researchers, metastasis is far from being well understood on a molecular level. 33 Features commonly associated with metastasis for many scientists include the following: increased tumor cell motility, altered cellular adhesion molecules, cell cycle arrest, the ability to remodel extracellular matrices (esp. basement membranes) for extravasation and intravasation, resistance to apoptosis, and the ability to thrive in the secondary site. [4] [5] [6] [7] [8] One of the more important aspects of this study was to validate that the TGF-β induction model for EMT was consistent with the hallmarks of this process. Indeed, at the individual gene level, we observed upregulation of many of the molecules associated with EMT, including vimentin, N-cadherin, fibronectin-1, Snai1 ("snail"), Snai2 ("slug"), and MMP-2 and -9 just to list a few, and observed the downregulation of cadherin 13, MUC2, MUC5AC, cytokeratin-4, -20, and -40, and collagen type IX (as listed in Supplementary Tables 1-4) . At the level of the canonical pathways and network analysis, we further confirm the validity of this model with functional pathways associated with cellular locomotion, ability to remodel basement membranes, and altered cellular signaling (including P53) pathways all activated, whereas pathways associated with epithelial cell signaling and cell cycle control (leading to decreased proliferation) were silenced. These finding are all consistent with our current understanding of EMT. Of interest would be future studies examining the changes in gene expression and pathway/network activation with treatment time. The findings reported here were after 3 days of incubation with TGF-β; it is unclear if these changes would continue in a manner that further supports our understanding of EMT or if other factors, such as IGF-1, need to be recruited to advance to the next phase of this process. Along these lines, we observe an over 29-fold upregulation of IGF-1 in the A549 cells as well as other components of the "IGF-axis" (eg IGFBP-5 and -7) in both cell lines, supporting the idea that IGF-1 is a key mediator in EMT in vitro [34] [35] [36] [37] and tumor progression in vivo. [38] [39] [40] [41] Multiple molecular signaling pathways have been extensively investigated in lung cancer, 12 and the main pathways observed here are believed to be able to provide roadmaps for therapy of this disease, which include: EGFR/Ras/PI3K growth promoting pathways, [42] [43] [44] [45] p53/Rb/P14 ARF growth inhibitory pathways, 46 and Bcl-2/Bax/Fas/FasL apoptotic pathways. 47, 48 Our observations in this study further provided valuable clues to understand these pathways in lung cancer cells under the circumstance of TGF transformation. For example, we found that the p53-signaling pathway was upregulated via TGF stimuli in these two cell lines (Table 2) . Our data also suggested some novel pathways related to tumor cell's response to TGF treatment, which have not been well investigated in lung cancer yet.
In this study, we also provided results from a network analysis on multiple pathways interaction in the two lung cancer cell lines after TGF-β treatment. We demonstrated four cancerrelated networks significantly up-or -downregulated in the two lung cancer cell lines after TGF-β treatment. These networks include multiple interacting genes and reciprocal pathways, which function in various biological processes including cellular movement, growth and proliferation, organismal injury and abnormalities, tissue development, hematological and dermatological disorders, and cancer development (Figs. 4-7) . These observations shed light on the understanding of the complex mechanism of lung cancer development as well as the potential application of these pathways/networks in the treatment of this disease, while further studies are warranted in the future. Further, the parallels with data we present from the analysis of 731 U133a expression microarray profiles are substantial and further legitimize the use of the TGF-β model of EMT induction in the A549 and H358 cell lines for future efforts.
conclusion
RNA-seq is a useful tool along with statistical, pathway, and network analyses to identify cancer mechanisms. The findings of this study will help direct cell-based studies in our lab modeling early events in lung cancer progression and have also exposed a range of new candidate biomarkers to be explored for potential prognostic value. Our overall objective is to improve treatment options and selection methods as a means to one day improve clinical outcomes for this dreaded disease. 
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